The upper rhombic lip (URL), a germinal zone in the ble stained for nuclei and cytoplasmic membranes, using fluorescent dyes (Figure 1b) . Sagittal optical confocal secdorsoanterior hindbrain, has long been known to be a source for neurons of the vertebrate cerebellum tions allow one to clearly detect the cellular composition of the cerebellar anlage at 40 hours postfertilization (hpf),
ubiquitous promoter driving Gal4-VP16, which acts as a strong activator for an UAS-driven EGFP; previous analy- focal microscope. Subsequently, the labeled rhombic lip cells in these embryos were continuously imaged for up to 34 hr beginning at 28 hpf (n ϭ 29 time-lapse movies).
Results and discussion

Upper rhombic cells migrate ventrally
Cells in the URL show several stages of migration. A We have used in vivo time-lapse imaging to follow URLdescendants in living zebrafish embryos. First, to address rostral movement toward the MHB is first observed, which is followed by a ventral migration along the MHB whether confocal microscopy gives enough detailed cellular resolution of the cerebellar anlage, embryos were dou-(see Movie 1 in the Supplementary material available at higher magnification approaching the MHB, no process
Gene expression indicates that the rhombic lip becomes established at 18 hpf in zebrafish embryos and is well set up at 28 hpf, the connecting the cell with the MHB is visible). at least over 100 m away from their point of first contact mer view [2] , URL-derived neuronal precursor cells contribute to structures other than the cerebellar granule with the MHB (Figure 2b -e, pink dot, see Movie 1). Starting at around 37 hpf, URL descendants settle in cells [3] [4] [5] . These studies suggested that URL-derived neuronal precursor cells contribute to precerebellar nuclei the ventral ipsilateral region of the brain underlying the cerebellum, with additional URL descendants being in the ventral brainstem underneath the cerebellum. However, neither direct evidence for migration of URLadded over time (Figure 2f , see Movie 1).
born neuronal precursor cells to ventral brain regions nor their specific migratory pathway had been resolved. In The ventral brain region underneath the cerebellum contains clusters of afferent cerebellar neurons-the precerefact, four different models for URL descendants have recently been proposed to be consistent with previous bellar nuclei. In mouse and rat, these precerebellar nuclei have been thought to originate through ventral migration results [5] . The results presented here offer direct evidence for a ventral migration of URL-derived neuronal of lower rhombic lip (LRL) descendants from the dorsoanterior hindbrain along the pontine migratory stream, precursor cells in vivo and elucidate their detailed pathway (Figure 1f) . Consistent with the vertebrate cerebelas shown by in vitro tracing methods [11, 12] and timelapse studies on explanted tissue [13] . While some LRL lum being evolutionary well conserved, our findings offer a mechanistic explanation for the lineages reported in the descendants cross the midline, neurons destined to form the olivary and pontine nuclei stop on the ipsilateral side end-point studies of the developing chick and mouse cerebellum. Furthermore, this anteroventral pathway of their origin. We have also followed cells arising in the anterior LRL in our time-lapse studies. By tracing matches with the dynamic expression patterns of mouse and zebrafish phox2a [5, 14] . In both systems, this tranindividual cells (Figure 2a-f , note cells marked with green dots), we find that these LRL-derived cells undergo a scription factor is expressed in precursors of the locus coeruleus, a nucleus in the ventral brainstem of the anteventral migration from the anterior LRL in vivo (over much shorter distances than URL-derived cells). These rior hindbrain, but can be found initially in dorsal regions of the cerebellar anlage along the MHB. LRL descendants settle in the ventroanterior hindbrain region, close to the URL descendants, but in distinct clusters (see Movie 1) . LRL descendants do not interminMorphology and migratory direction of URL-derived neuronal precursors change at the MHB gle with URL descendants (Figure 2f ), suggesting that each contribute to distinct ipsilateral precerebellar nuclei.
Upon reaching the MHB, migrating URL descendants change the directionality of their pathway and course ventrally along the MHB. To address what changes occur at Recent fate mapping studies for URL cells in mice and chicken embryos have shown that, in contrast to the forthis turning point in the in vivo migratory behavior of individual neuronal precursor cells originating in the upper rhombic lip, we used the neural-specific expression vector tub-GVP-Uunc [10] for time-lapse analysis. In this vector, the ␣-tubulin enhancer ensures neural-specific expression [15] , while the unc76:GFP-fusion protein enhances the visualization of outgrowing processes [16] . The uncGFP-expressing cells migrated identically to EF-GVP-UG-labeled cells. The selection of embryos with fewer labeled cells inside the URL allowed us to observe the migratory behavior of individual cells or small groups of cells. In addition, time-lapse experiments were performed at higher magnification to allow individual neuronal precursor cells to be followed closely.
When the migrating neuronal precursors reach the MHB (Figure 3a , note cell marked with a blue star), cells display two changes of behavior. First, before turning to migrate ventrally, neuronal precursors halt and retract their trailing process (Figure 3b ,c, blue arrow, see Movie 2). This behavior leads to a change in cell polarity from bipolar (Figure 3a -c) to unipolar (Figure 3d ). Thus, cell polarity of migrating neuronal precursors can be very dynamic, changing dramatically over a brief developmental time course. Second, neuronal precursor cells that have reached the MHB extend a ventrally directed long process, presumably an axon (see growth cone-like structure at end of process in Figure 3e ,f), along the MHB (Figure 3b ,e-g, blue arrowheads; see Movie 2). These processes can be quite long, typically ranging from 30 to 50 m. This is very intriguing, as it suggests that axonal pathfinding is not initiated only after migrating neuronal precursor cells have reached their ultimate target. Instead, it points at a continuum of guidance events, with axonogenesis playing a significant role in cell migration, as suggested by studies These findings argue for a crucial role of the MHB beyond its early patterning function, participating in brain morphogenesis through directing neuronal migration. contributing to more than the nearest brain nuclei. Imteristic changes and highlights important events using labels (e.g., aging avoids potential confusion that might result from arrows), the second presentation plays without labels to allow dynamic interpreting marker gene expression patterns alone and events to be followed without distraction.
offers direct evidence for the dynamic events that shape gesting that the MHB is centrally involved in influencing neuronal precursor cell migration. This extends the poten-
